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Amorphous fibres of the Al 2 0 3 -Y 2 0 3 system were pre- 
pared by a melt extraction technique, and subjected to 
crystallisation. The quality of the melt extracted fibres 
is controlled by the wheel edge and rotational speed, 
with both having a significant effect on fibre diameter 
and avoidance of irregularities and instabilities along 
the fibre length. Tensile strength in the glassy state 
varied from 0-6 to 10 GPa. Crystallisation activation 
energies calculated from scan-rate dependence of 
DTA peaks are. 741 and 1374kJmol~ 1 for El 
(Al 2 0 3 -yttrium aluminium garnet (YAG) eutectic), 
390 kJ mol' 1 for YAG, and 438kJmor 1 for E2 
(YAG-yttrium aluminium perovskiie (YAP) eutectic) 
by the Kissinger method; and 698 and 1346 U mol' 1 
for El, 352 kJ mol' 1 for YAG, and 399 k J mol' 1 for 
E2 by the Augis-Bennett method. BCT/438 
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INTRODUCTION 

Over the last 25 years great progress has been made in the 
development of high performance materials. One of the 
important reasons for this hui cc^i ih? production of 
ceramic fibres with high tensile strength and modulus values 
as well as. resistance to high temperature. High stiffness 
oxide fibres such as aluminium and high alumina based 
fibres are used as reinforcement fibres for production of 
polymeric, metallic, and ceramic matrix composites with 
superior properties which have created new engineering 
possibilities. Those fibres with large additions of silica 
(aluminosilicate fibres, e.g. Fiberflax, Nextel, etc.) that have 
low thermal conductivity, low heat capacity, and high 
chemical resistance are attractive as insulation materials in 
metal processing industries, where they are frequently used 
as insulation in furnaces. 1 ' 2 

There are a variety of techniques for the manufacture of 
oxide fibres including slurry and sol-gel processing, and 
inviscid melting. The present study will discuss the fibre 
forming technique using inviscid melt extraction of 
AU0 3 -Y 2 0 3 liquids and describe the crystallisation behav- 
iour of the various compositions studied. A novel melt 
extraction technique 3 " 5 that has been developed to produce 
various oxide fibres will be used. 

EXPERIMENTAL PROCEDURES 

Several compositions may be melt extracted in the 
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1 Schematic diagram of apparatus for melt extraction: J 



are mainly those based on the alumina rich section of the 
phase diagram. 6 ' 7 Three different compositions were investi- 
gated: A1 2 0 3 -YAG eutectic (El) and 79 mol.-% A1 2 0 3 ; 
yttrium aluminium garnet (YAG) at 62-5 mol.-% A1 2 0 3 , 
and a YAG-yttrium aluminium perovskite (YAP) eutectic 
(E2), with 57-5 mol.- % A1 2 0 3 . Starting materials consisted 
of aluminium oxide (A 17, Alcoa Industrial Chemical 
Division, 99-5% purity) and yttrium oxide (Grade 5600, 
Union Molycorp, 99-99% purity). 

Melt extraction involves bringing the edge of a rotating 
disk into contact with a molten ceramic drop. The material 
solidifies on the disk edge, adheres there briefly, then is 
spontaneously released in the form of solid fibre. Figure 1 
shows a schematic diagram of the apparatus used for 
making ceramic fibres. The material to be extracted is 
' introduced on to the -sharpened wheel (with a radius of 
curvature of ^20 urn) from below. The ceramic is first 
formed into a sintered rod of about 3 mm dia. The rod 
passes through a loosely fitting guide made of a suitable 
insulating material (boron nitride) and is then heated by 
an oxy-acetylene flame to form a small drop which is self- 
contained by surface tension. The droplet is then slowly 
pushed towards the rotating wheel to provide a fine contact 
between the wheel tip and molten drop. On contact with 
the wheel, the fibre forms and rapidly solidifies. The wheel 
itself should be made of a reasonably durable metal of good 
thermal conductivity. Copper-beryllium alloy (C17510) has 
been found to be satisfactory in the extraction of ceramics. 

Melt extracted fibres were studied by scanning electron 
microscopy to investigate the fibre geometry and morph- 
ology. The degree of crystallinity of. fibres was examined by 
XRD analysis of crushed fibres using Cu K z radiation (at 
40 kV and 20 mA). Diffraction patterns were recorded in 
step-scan mode (0*02 c 20 intervals, 0-5 s sampling time) over 
a range 10-90 : 20. The mechanical properties of uniform 
diameter fibres were tested using a universal test machine 
according to ASTM standard D3379-75. 

The differential thermal analysis (DTA) measurements 
(DTA 7 Perkin-Elmer) were performed using a constant 
vveiahf of 40 mg of fibres in an al'in-.ina cr«jc:He »:tv1?t an 



2 Melt extracted fibres of A1 2 0 3 -YAG eutectic 
composition: a uniform cross-section fibre; b fibre 
exhibiting Rayleigh waves 



argon atmosphere. Alumina powder was used as a reference 
material. Constant heating rates of 3, 5, 10, 20, 40, and 
80 K min" 1 for El. and 30^40. 60. 80, and 100 K min -1 for 
YAG and E2 were used from 750 to 1400°C Prior to 
measurement, the temperatures of the DTA were calibrated 
using aluminium (Al>99-9%. mp = 660 10°C) and gold 
(Au>99-9%, mp = 1063" C) standards. 

RESULTS 

Generally, two types of fibre were obtained: uniform dia- 
meter fibres at wheel speeds <3ms -1 with average dia- 
meter of 20-30 jam (Fig. 2a). and fibres consisting of thin 
sections of 20-30 urn and periodic Rayleigh waves with 
diameters of 60-70 urn (Fig. 2b). The presence of Rayleigh 
waves at higher velocities is due to a thicker liquid layer 
being extracted from the molten drop than can solidify 
completely on the wheel surface. Therefore, the effect of 
surface tension that tends to minimise the surface area 
causes the formation of waves. Due to the rapid solidifi- 
cation both fibres are completely X-ray amorphous and 
optically transparent regardless of wheel velocity and chemi- 
cal composition in the as extracted stale. 

The "average tensile strengths and Young's modulus for 
uniform cross-seeiion fibres are shown in Table 1. The 
tensile strength of the fibres decreased as the alumina 
content increased. It was noted that with a higher content 
of alumina, the average diameter of the extracted fibres was 
larger; therefore the Haw population and defect size in the 
fibres would be greater. It is believed that the addition of 
yttria into the mixtures decreases the viscosity of the liquid 
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3 Typical DSC for A1 2 0 3 -Y 2 0 3 fibres at heating rate of 
It) K min" 1 

ceramic facilitating the extraction of a thinner layer on 
the wheel. 

The thermal evolution of glass fibres was followed by 
means of differential scanning calorimetry (DSC) followed 
by XRD identification of the resulting phases. Figure 3 
shows typical DSC curves for El, YAG, and E2 fibres at a 
heating rate of 10 K min -1 . The curve is characterised by 
a small endothermic effect that is due to the glass transition 
and identified as the Tg temperture. The crystallisation 
sequence for El is characterised by two independent exo- 
thermic effects. In order to identify the crystalline phases 
developed during the DSC treatment, samples were allowed 
to reach a predetermined temperature associated with the 
thermal peak and quenched to room temperature for XRD 
examination. The phases found after each DSC peak were 
YAG (event 1) and <5-Al 2 0 3 (event 2). A third small exother- 
mic peak (event 3) was observed around 1300°C correspond- 



Table 1 Maximum tensile strengths and average Young's 
modulus for AI 2 0 3 -Y 2 0 3 
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Composition 
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El 


949 


140 
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732 


129 


E2 


565 


163 
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ing to the phase transformation of (5-Al 2 0 3 to a-Al 2 0 3 . The 
crystallisation sequence for YAG and E2 was characterised 
by one sharp exothermic peak due to the formation of YAG 
and YAP (cubic) phases, respectively. These phases are in 
complete agreement with the equilibrium phase diagram 
expectations with the exception of E2. The phase develop- 
ment in the E2 composition occurred gradually during 
heating, forming a sequence of intermediate phases (Fig. 4). 
Crystallisation began above 900°C and YAP cubic phase 
formed as the temperature increased. YAP orthorhombic 
and YAG phases are also apparent at 1400°C. The amount 
of YAP orthorhombic and YAG phases increased with the 
temperature and pure YAP orthorhombic and YAG phases 
formed at 1500°C. 

J'iiC kiiietics of crystallisation of A1 2 0 3 -Y 2 0 3 fibres were 
obtained by DTA which is a dynamic method. The principle 
of the continuous heating method assumes that AT (the 
temperature difference between the sample and the stan- 
dard) is proportional to the crystallisation rate. 

The activation energy values for crystallisation were 
calculated using both the Kissinger (equation (I)), 8,9 and 
Augis-Bennett (equation (2)) 10 equations by measuring the 
variation of the peak temperature in the differential thermal 
patterns with heating rate. Kissinger demonstrated how 
activation energy and frequency factor could be calculated 
from DTA experiments in the case of homogeneous solid 
state reactions following first order kinetics. For that, the 
decomposition of clay materials in the kaolin group was 
used. An extension of the Kissinger method applicable to 
heterogeneous solid state reactions described by an Avrami 
expression was derived by Augis-Bennett. This new method 
allowed the study of the kinetics of metallic reactions at 
the higher temperature obtainable with DTA, such as the 
transformation kinetics of the metastable equiatomic tin- 
nickel alloy. 

DTA has been used to study the kinetics of rate controlled 
processes such as the kinetics of crystallisation in glass 
forming systems. The majority of the data reported have 
been obtained from DTA measurements on Li 2 0.2Si0 2 
(Refs. 11-13). The Kissinger equation has been directly 



used to examine the activation energy for the crystallisation 
of amorphous materials such as crystal growth of plasma 
sprayed cordierite and forsterite, 14 glass-crystal transform- 
ation in a CdGeAs glass, 15 and in the phase transition 
process in glassy 2PbO.Si0 2 . 16 

Table 2 summarises the crystallisation peak temperatures 
as a function of heating rate for El, YAG, and E2 fibres. It 
can be seen that the faster the scan speed, the higher T p 
becomes. A high rate of heating will cause dH/dt to increase 
because more of the reaction will take place in the same 
interval of time, and therefore the height or the apex, and 
the differential temperature AT, will be greater. Since the 
return to the baseline is a time function, as well as a 
temperature difference function, the return will occur and 
shift to a higher actual. temperature with increasing heating 
rate </>, K min" 1 (kef : 17):' Therefore Kissinger proposed 
the following relationship 

in(0/rJ)=-£ 9k /Rr p + constant (1) 

where E ck is the activation energy for crystallisation, 
kJmol" 1 ; T p is the absolute crystallisation peak temp- 
erature, K; and R is the gas constant 8.314 x 
10~ 3 kJ moP'K- 1 . 



Table 2 Crystallisation peak 
A1 2 0 3 -Y 2 0 3 fibres 
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From the slope of the plot of ln(^/T;) versus ]/T p , the 
£ ck value was determined as 741 kJ mol -1 and 
1374 kJ mol" 1 for the first and second crystallisation steps, 
respectively, in the A1 2 0 3 -YAG eulectic fibres, and 
390 kJ mol" 1 and 438 kJ mol" 1 for YAG and YAG-YAP 
eutectic fibres, respectively. The other method of analysing 
DTA data proposed by Augis and Bennett is 

\n((b(T — T,.\\— —F . m T -J-mnsTanl (0\ 

— *i \ -y — cau/---p • \— / 

where £ cab is the activation energy for crystallisation, 
kJmol" 1 ; T 0 the temperature from which the DTA scan 
starts (here. 1023 K). 
The 

£cab can a ^ S0 De calculated from the slope of 
ln(^/(r p - T 0 )) versus \/T p plot. The £ cab values for 
A1 2 0 3 -YAG eutectic fibres were determined as 
698 kJ mol" 1 and 1346 kJ mol" 1 for first and second crys- 
tallisation steps, respectively. The values of for YAG 
and YAG-YAP eutectic fibres are 352 k J mol" 1 and 
399 kJ mol" 1 , respectively. 

Both methods have been applied in the crystallisation of 
inviscid melt spun calcia-alumina eutectic fibres. 18 The 
activation energies for crystallisation were determined as 
490 and 477 kJ mol" 1 by Kissinger and Augis-Bennett 
methods, respectively. These values are in the order of the 
reported values for the crystallisation of El (first peak), 
YAG, and E2. The high activation energies obtained are 
probably due to the mechanism of solid state diffusion 
which may involve the rate at which the irregular glass 
structure can be rearranged into the periodic lattice of the 
growing crystal 



CONCLUSIONS 

Small diameter (20-30 urn) and moderate strength 
(0-6-1-0 GPa) amorphous alumina-yttria fibres can be 
obtained using the melt extraction technique. Activation 
energies for crystallisation of the alumina-yttria fibres were 
determined as 741 and 1374 kJ mol" 1 for the Al 2 0 3 -yttrium 
aluminium garnet (YAG) eutectic (El), 390kJmor 1 for 
YAG, and 438 kJ mol" 1 for the YAG-yttrium aluminium 
perovskite (YAP) eutectic E2 via the Kissinger method; and 



as 698 and 1346 kJ mol" 1 for El, 352 kJ mol" 1 for YAG, 
and 399 kJ mol" 1 for E2 via the Augis-Bennett method. 
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